Abstract: This paper is an attempt to solve the soil-pile interaction problems using the boundary element method (BEM). A computer package called PGroupN, which deals mainly with the analysis of the pile group problem, is employed in this study. Parametric studies are carried out to assess the impacts of the pile diameter, pile length, ratio of spacing to diameter and the thickness of soil stratum. The external load is applied incrementally and, at each increment, a check is made that the stress state at the pile-soil interfaces does not violate the yield criteria. This is achieved by specifying the limited stresses of the soil for the axial pile shaft capacity and end-bearing resistance. The elements of the pile-soil interface yielded can take no additional load, and any increase in load is therefore redistributed between the remaining elements until all elements have failed. Thus, by successive application of loading increments, the entire load-displacement relationship for the pile group is determined. It is found that as the applied load reaches the ultimate bearing capacity of the pile group, all the piles will share the same amount of load. An exception to this case is for the center pile in a group of 9 piles embedded in clay, which is not consistent with the behaviors of the other piles in the group even if the load reaches the ultimate state. For the 4 piles group embedded in clay, the maximum load carried by the base does not exceed 8% of the load carried by each pile with different diameters. This low percentage ascertains that the piles embedded in cohesive soils carry most of the load throughout their shafts.
Introduction


Many engineers look for a method of analysis based only upon surface information without having to generate domain grids or meshes required for the finite difference method and the finite element method (El-Zafrany, 1992) . As for the boundary element method (BEM) in pile-soil interaction problems, Poulos (1971a) proposed integral equations for an elastic solution of laterally loaded pile. This problem is based on Mindlin's solution for a point load in a homogeneous, isotropic elastic half space. The method could be extended to study the behaviors of pile group (Poulos, 1971b) .
The integral equations mentioned above were extended by Butterfield and Banerjee (1971a) using the BEM to treat soil and pile as two separate domains, Doi: 10.3724/SP.J.1235 .2012 .00028  Corresponding author. Tel: +964-1-7190859; E-mail: myf_1968@yahoo.com whose boundaries were discretized into a finite number of elements. A set of fictitious tractions were assumed at the pile-soil interface, which were identical to the real ones for pile slenderness ratio greater than five. Each boundary element was associated with known tractions and displacements. Some of these were known over parts of the boundary, and the rest of them were computed using Kelvin's solutions. Once these boundary values were obtained, the displacements and tractions at any point inside the domain could be computed. Butterfield and Banerjee (1971b) presented an elastic analysis for the general compressible pile group problem including a rigid smooth ground contacting cap. The problems were formulated as an integral equation developed from Mindlin's analysis for a point load embedded within a semi-infinite ideal elastic half space. By distributing such point loads over the pile cap-supporting medium interface and the pile shaft and pile base-medium interface, an integral representation can be obtained given the vertical displacement at all points in the medium in terms of fictitious stress intensities.
Fatemi-Ardakani (1987) made a formulation for a piled raft system, in which the plate was analyzed by the BEM and the piles were represented by springs. In this approach, constant values for stresses and displacements along the boundary elements of the plate were assumed and the plate-soil interface was divided into rectangular elements in which the vertical displacement and the subgrade reaction were assumed to be constant. This formulation was very limited because only rectangular raft could be analyzed and, due to the assumption of constant subgrade reactions in interface elements, a large number of them are necessary for good results. Xu and Poulos (2001) used three-dimensional (3D) coupled boundary element approaches to analyze the responses of vertical piles to passive loadings using a program called GEPAN. The 3D pile behaviors caused by a variety of passive loadings, such as soil shrink/swelling, soil surface surcharge, tunneling, pile installation by driving and cavity formation in soil, were evaluated and characterized. A typical vertical soil movement distribution was presented by Poulos and Davis (1980) , which decreases linearly with depth from S o at the surface to zero at a depth Z s . Also, this method had a good prediction of the horizontal movements of piles subjected to vertical ground movements, and the coupled vertical and lateral behaviors of piles subjected to simultaneous vertical and horizontal ground movements. Chin (2004) derived elastic design charts for axial pile settlement response from the elastic response by simplified BEM for piles imbedded in a two-layer soil continuum. Chow (2007) examined the behaviors of piled rafts supported by non-identical piles by the finite layer and finite element methods. Abbas et al. (2008) carried out numerical simulations using the finite element method for a group of bored piles under the assumption of continuous pile cap connection. Shlash et al. (2009) made use of the BEM as a practical problem solving tool to analyze a soil-structure interaction problem. Leung et al. (2010) compared linear-elastic and nonlinear pile group analysis methods through settlement analyses of hypothetical scenarios and real case studies, and elaborated the implications for interpretation of pile load test data. Comparisons between linear-elastic and nonlinear methods justified the proposition that pile-to-pile interaction was dominated by linear elasticity, characterized by the small-strain soil stiffness. The study clarifies the capabilities and limitations of linear elasticity in pile group analysis and provides guidance on pile test interpretation for analysis of pile group response. This paper depicts an attempt to solve the soil-pile interaction problem using the BEM. A problem is chosen to investigate the behaviors of pile group during the variations of many parameters. A nonlinear soil model is adopted to assess the pile-soil interaction within the group.
Application of BEM to soil-pile interaction problems
Because of the particulate nature of the mineral skeleton of the soil, the stress-strain behavior of the soil is exceedingly complex. To solve this problem, concepts and formulas from the theory of elasticity and used. This means that the actual nonlinear behavior of the soil is linearized, which leads to a conservative design. Thus, the nonlinearity represents the realistic behavior of the soil and it is adequate to simulate general problems.
Many researchers emphasized the importance of considering soil nonlinearity in routine design. For pile group problems, this issue has not been satisfactorily addressed yet, and the current design practice is still generally based on linear approaches. The main drawback to the application of linear models to pile group problems is that they ignore the nonlinear load-deformation characteristics of soil and hence misrepresent the force in piles, specifically by giving higher stresses in group corners. The cost of this in practice is high and there is an urgent need in industry for efficient nonlinear analysis method (Basile, 2003) .
A reasonable compromise between excessive complexity and unacceptable simplicity is provided by the BEM, in which the pile-soil interface is discretized and the characteristics of soil response are represented in a lumped form by ascribing the behaviors of the soil to the interface elements (Poulos, 1989) .
The program PGroupN
The program PGroupN provides a complete 3D nonlinear boundary element solution of the soil continuum. This overcomes limitations of traditional interaction-factor methods and gives more realistic predictions of deformations and load distribution between piles (Basile, 2003) . This program is based on a complete boundary element formulation, employing a subtracting technique, in which the piles and the surrounding soil are considered separately and then the compatibility and equilibrium conditions are imposed at the interface. Given unit boundary conditions (i.e. pile group loads and moments), these equations are solved, thereby leading to the distribution of stresses, loads and moments in the piles for any loading condition.
Method of analysis
The analysis with the program PGroupN is based on complete nonlinear BEM formulation. The analysis involves discretization of only the pile-soil interface into a number of cylindrical elements, while the base is represented by a circular (disc) element. The external load is applied incrementally and, at each increment, a check is made that the stress state at the pile-soil interfaces does not violate the yield criteria. This is achieved by specifying the limited stresses of the soil for the axial pile shaft capacity and end-bearing resistance. The elements of the pile-soil interface yielded can take no additional load, and any increase in load is therefore redistributed between the remaining elements until all elements have failed. Thus, by successive application of loading increments, the entire load-displacement relationship for the pile group is determined.
Choice of soil parameters
The choice of soil parameters for PGroupN is simple and direct. For a linear analysis, it is only necessary to define two soil parameters: the soil modulus (E) and the Poisson's ratio (). If the effects of soil nonlinearity are considered, the strength properties of soil also need to be specified, i.e. the undrained shear strength (c u ) for cohesive soils and the angle of friction () for cohesionless soils. Thus the applied method, by taking into account the continuous nature of pile-soil interaction, removes the uncertainty of t-z and p-y (load-settlement) approaches and provides a simple design tool based on conventional soil parameters.
Nonlinear soil model
The widely used function for the simulation of stress-strain curves in the finite element analysis was formalized by Chang and Duncan (1970) using Kondner's finding in 1963 that the plot of stress versus strain in a triaxial compression test is very close to a hyperbola. Such relation can be stated as
Since the compressive strength will be reached before the curve becomes asymptotic, it is customary to require the compressive strength s to be R f /a, where R f is the failure ratio. Thus
Eq.
(1) can also be solved for  :
The tangent modulus at any level of stress or strain is 2 2 f t i 2
where i E is the initial tangent modulus. For a Mohr-Coulomb material at failure, it has
The term /s is the ratio between the existing 
The tangent modulus now becomes
where a p is the atmospheric pressure, K and n are constants to be determined.
The complete relation then becomes (1 sin )( ) 1 2 cos 2 sin
The PGroupN analysis adopts a nonlinear model, which follows the well-established hyperbolic relationship between stress and strain proposed by Duncan and Chang (1970) and also applied to pile problems by Poulos (1989) . This simple relationship assumes that the Young's modulus ( t E ) of soil varies with the stress level at the pile-soil interface, i.e. it is a function of the initial tangent modulus ( i E ) of soil, the hyperbolic curve-fitting constant ( f R ), the current pile-soil stress (t) and the limited value of pile-soil stress (t lim ). The hyperbolic curve-fitting constant f R defines the degree of nonlinearity of the stressstrain response and can range between zero (a perfectly elastoplastic response) and 1.0 (an asymptotic hyperbolic response in which the limited pile-soil stress is never reached). The best way to determine the value of f R is by fitting the PGroupN loaddeformation curve with the data from the full-scale pile load test. In the absence of any test data, the value of f R can be initially estimated based on experiences.
Soil domain
The BEM involves the integration of an appropriate elementary singular solution for the soil medium over the surface of the problem domain, i.e. the pile-soil interface. With reference to the present problem, the well-established solution of a point load within a homogeneous, isotropic elastic half space has been adopted, yielding:
where {u s } is the soil displacement matrix, [G s ] is the flexibility matrix obtained from Mindlin's solution, and {t s } is the soil traction matrix. The singular part of the matrix [G s ] is calculated via analytical integration of the Mindlin functions.
Pile domain
If the piles are assumed to act as simple beamcolumns, which are fixed at their heads to the pile cap, the displacements and tractions over each element can be related to each other via the elementary beam theory, yielding:
where {u p } is the pile displacement matrix, {t p } is the pile traction matrix, {B} is the pile displacement matrix due to unit boundary displacements and rotations of the pile cap, and [G p ] is the matrix of coefficients.
Solution of the system
The above-mentioned soil and pile equations may be coupled via compatibility and equilibrium constraints at the pile-soil interface. Thus, by specifying unit boundary conditions (i.e. unit values of vertical displacement, horizontal displacement and rotation of pile cap), these equations are solved.
Extension to nonlinear soil behaviors
Nonlinear soil behavior is incorporated in an approximate manner by assuming that the soil Young's modulus varies with the stress level at the pile-soil interface. A simple and popular assumption is to adopt a hyperbolic stress-strain relationship, where the tangent modulus of the soil t E may be written as Poulos, 1989) 2
Thus, the boundary element equations described above for the linear responses are solved incrementally using the modified values of soil tangent modulus of Eq. (12) and enforcing the conditions of yield, equilibrium and compatibility at the pile-soil interface.
Different values of f R should be used for the axial responses of the shaft and base, and for the lateral response of the shaft. For the axial response of the shaft, there is relatively small amount of nonlinearity, and values of f R in the range of 0-0.5 are appropriate (Poulos, 1989) . The axial response of the base is highly nonlinear, and the value of f R in the range of 0.9-0.99 is recommended (Poulos, 1989) .
General description of the problem
Pile group behaviors are very complex. The response of each pile is modified by the stress condition imposed on the soil by other members of the group. Therefore, the behaviors of piles are generally dependent on the pile spacing and length, relative stiffness of the piles, number of piles in the group, in addition to the soil conditions. In order to carry out parametric study and investigate the influence of these parameters on the behaviors of the piles, it is essential to start with basic problems of pile group under axial loading.
Two sets of pile groups consisting of 4 and 9 piles with circular cross-sections are embedded in the soil and suffer from different internal and external variables in order to study the behaviors of the piles. The internal variables refer to pile diameter, pile length and spacing between piles, while the external variables refer to the applied load and soil layer thickness.
It is assumed that the pile cap is fully rigid and not in contact with soil. The free-standing length, which represents the distance from the ground surface to the bottom of the cap, is taken to be 0.5 m. This means that the embedded length is reduced by 0.5 m and the interface elements are not considered within this gap. The soil is assumed to be homogeneous and its parameters are based on subsoil idealization with a unique layer resting on a rigid base. The level of water table is 1.0 m below the ground surface. The piles are not based on the rigid layer, thus they are classified as floating piles. A simple idealization of the pile-soil system is shown in Fig. 1 . Unlike the 4 pile group, the behavior of a single pile in a group of 9 piles is associated with its location within the group. The key of identification of the piles in that group is shown in Fig. 2 . Fig. 1 The problem of pile group in the study. 
Parametric study
Any designer is normally interested in the following the behaviors of pile groups: (1) evaluation of the collapse load; (2) calculation of the settlement that leads to select a suitable factor of safety in the design; and (3) the distribution of stress along the piles so that it can provide adequate reinforcement in the piles.
The above targets with their simple statements represent a summary for analysis of many parameters that affect the pile group behaviors. Some of these parameters adopted in this study are those incorporated with the nonlinear analysis based on the BEM. Table 1 shows an outline of the analysis program for the pile group problem.
Pile length and diameter
The pile length (L) plays an important role in the increase of the bearing capacity of the pile group. The analysis begins with a pile length of 10 m and reaches 25 m with an increment of 5 m. It is well known that the pile cross-sectional area affects the capability of pile to sustain the loads. This parameter is taken into account during the analysis of the pile with circular cross-section. Six diameters of piles are chosen, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 m, respectively.
Spacing between piles
Due to pile-soil-pile interaction, the group of piles tends to deform more than a proportionally loaded single pile. This is because neighboring piles are within each others, thus each pile interacts with the surrounding piles, which transfer the stresses to the other piles (Basile, 2003) . Thus, the spacing between piles (S) is chosen as another parameter in this study. The spacing is usually correlated with the pile diameter, so the values of spacing are S = 2D, 3D, 4D and 5D.
Applied axial load
The failure of pile groups under axial loading has been extensively examined. The applied load is increased gradually until the stresses along the pile reach the limit state.
Soil type
The soil type is clay taken from Baghdad City in Iraq with the properties determined by Al-Saady (1989) , who carried out triaxial tests on soil samples. Table 2 illustrates the properties of the soil considered in this study. 
Soil thickness
The pile groups are embedded in a soil layer with a thickness (H) of 30, 45, 60 and 75 m, respectively, in order to study the effect of soil layer thickness. The program shows incapability to deal with the cases where the piles stand directly upon the bottom rigid layer (i.e. H = L).
Figs. 3-5 illustrate the relations of the dimensionless stiffness (K p ) against the ratio of length to diameter (L/D) for a group of 4 piles embedded in clay.
The results were normalized by taking the factor K p (stiffness factor) represented by the following equation:
where P is the axial load; G is the shear modulus of the soil, and / 2(1 ); G E    W is the displacement of head of pile.
The pile group embedded in clay shows a larger amount of settlement compared with those embedded in sand, in other words, the group of piles embedded in clay needs much less load than that in the case of sand to cause a certain deformation. It is evident from these figures that the increase in the pile length from 10 to 25 m leads to reduction of the settlement by about 54% at an applied load of 3 000 kN. The percent of reduction is increased with the progressive loading, because the short pile reaches the failure state faster than the long pile. This also appears in Fig. 6 , which represents the load-settlement curves for the group. (e) P = 6 000 kN.
(f) P = 10 000 kN. The effect of pile spacing is more remarkable in clay than that in sand. The results show that doubling the ratio S/D from 2 to 4 contributes to the decrease in the settlement by about 30% for the short pile (L = 10 m), while the reduction percent is about 21% for the pile with a length of L = 25 m. Fig. 7 gives an idea about the mode of load, which is transferred to the pile base during different stages of loading on a 22 pile group embedded in clay. It can be seen that the maximum load carried by the base, for different pile diameters, does not exceed 8% of the load carried by each pile. This low percentage ascertains that the piles embedded in cohesive soils carry most of the load through their shafts. It also shows from Fig. 7 that very small portion of the total load transferred to the base during the first stage of loading is captured. This temporary case, accompanied by almost a slight and linear increase, continues until it reaches an inflection point after which a more rapid increase happens. At this point, the predicted settlement represents about 6% of the pile diameter and the shaft resistance ranges from 30% to 40% of the ultimate stress irrespective of the pile diameter value. Fig. 8 shows the distribution of normalized shear stress along the pile interface for a group of 22 piles embedded in clay. The length is chosen to be L = 25 m, and the ratio of spacing to diameter is S/D = 2 with a series of total axial loads. It is worth noting that the distribution is approximately uniform along the pile length, especially at the first stage of the loading process. This behavior means that the unit shaft resistance is constant and independent of the effective overburden stresses. A constant unit shaft resistance is unlikely because it would mean that the basic physical principle of resistance to sliding movement being a function of normal stress is invalid, which would be difficult to be accepted.
These results are supported by the findings of Poulos and Davis (1980) , who revealed that the shear stress along a floating pile in a group is relatively uniform for K = 5 000 (K = E pile /E soil ) where the pile is considered as incompressible. Figs. 9-11 indicate the relationship between the stiffness factor (K p ) and the dimensionless length (L/D) for 33 pile group embedded in clay. It can be seen from these figures that the effect of increasing the numbers on the group settlement is evident. The group interaction is increased by adding another pile which leads to larger deformations.
In Fig. 12 , the pile head settlement for the same group is plotted against the applied load. The curves show similar trends as the previous load-settlement curves, but with poorly defined ultimate load. Fig. 13 shows the pile load distribution in 33 pile (c) P = 6 000 kN.
(d) P = 7 000 kN.
(e) P = 10 000 kN.
(f) P = 18 000 kN. group embedded in clay. It is interesting to notice the negative values of the load generated at the head of the center pile, which means that the center pile, contrary to the rest of the group, is subjected to tensile forces. Although this pile is observed to be under compression at the beginning and near the failure load, this state represents a small portion throughout the loading process. Moreover, the center pile appears to be apart from the others even if the load reaches the ultimate state. This significant feature may be explained by three effects: the large amount of settlement in clay, the rigid cap that leads the group of floating piles to move downward uniformly and the group action that leads to the decrease in the load on the center pile so as to generate a uniform settlement. All these effects cause an upheave in the upper layer of soil surrounding the center pile, tending to pull this pile out of the group. As a support to what have been mentioned, one can see the strong influence of the pile spacing ratio (S/D) on the center pile response. Doubling this ratio S/D from 2 to 4 enforces the pile to overstep the negative range with an increase of 40% in the shared load. Fig. 14 shows the characteristics of pile load distribution throughout the variation of the pile length. It is clear that the center pile is more pronounced by increasing the pile length in which an excessive jump from the low tensile force to a high compressive force is apparent. This confirms the fact that the larger stress bulb is generated on the longer pile. The stress interference of adjacent piles increases, which in turn increases the pile load shared. It is also evident that the shear stress distribution is more uniform at the lower loads and it is approved by noticing the load distribution along the pile, at the right column, which is obviously nonlinear as the applied load increases. It is important to declare that the thickness of the soil layer (H) does not have a significant effect on the settlement of the pile group. Increasing the soil thickness from 30 to 75 m causes only an increase of 3-7 mm in the settlement of the pile group.
Conclusions
This paper attempts to solve the soil-pile interaction problems by using the BEM. A nonlinear soil model has been adopted to assess the pile-soil interaction within a pile group. The main conclusions are drawn as follows:
(1) A rigid cap offers uniform displacements for all the piles in the group, but on the other hand, a non-uniform distribution of loads appears. For the group of 9 piles, the maximum loads are carried by the corner piles, followed by the border piles and the center piles.
(2) As the applied load reaches the ultimate capacity of the group, all the piles will share the same amount of load. An exception to this case is for the center pile in a group of 9 piles embedded in clay, which does not converge with the other piles in the group even if the load reaches the ultimate state.
(3) For the group of 4 piles embedded in clay, the maximum load carried by the base does not exceed 8% of the load carried by each pile with different diameters. This low percentage ascertains that the piles embedded in cohesive soils carry most of the load throughout its shaft.
(4) For the group of 4 piles embedded in clay, the distribution of the shear stress is approximately uniform along the pile interface, which means that the unit shaft resistance is constant and independent of the effective overburden stress. Load (kN) P = 3 000 kN P = 7 000 kN P = 10 000 kN carried by each pile, a tensile force appears at the head of the center pile within a group of 9 piles embedded in clay. This significant feature is greatly and directly influenced by the ratio of spacing to diameter (S/D) and the length of the pile.
